Orthogonal subduction of bathymetrically rough oceanic lithosphere along the northwestern fl ank of the Cocos Ridge imprints a distinctive style of deformation on the overriding Costa Rican forearc. We divide the Costa Rican forearc into three 100-160-kmlong deformational domains based on the bathymetric roughness and thickness of the Cocos plate entering the Middle American Trench, the dip of the subducting plate, the variation in surface uplift rates of late Quaternary coastal deposits, and the orientations and types of faults deforming Paleogene and Neogene sedimentary rocks. In the ~100-km-long Nicoya domain, coastal deposits show localized surface uplift and arcward tilting above the downdip projections of the fossil trace of the Cocos-NazcaPanama (CO-NZ-PA) triple junction and the Fisher seamount and ridge. In the ~120-kmlong central Pacifi c forearc domain between the Nicoya Peninsula and Quepos, shallower (~60°) subduction of seamounts and plateaus is accompanied by trench-perpendicular late Quaternary normal faults. Steeply dipping, northeast-striking, margin-perpendicular faults accommodate differential uplift associated with seamount subduction. Uplift and faulting differ between the segments of the forearc facing subducting seamounts and ridges. Inner forearc uplift along the seamount-dominated segment is greatest inboard of the largest furrows across the lower slope. Localized uplift and arcward tilting of coastal deposits is present adjacent to subducting seamounts. In contrast, inboard of the underthrusting aseismic Cocos Ridge, along the ~160-km-long Fila Costeña domain between Quepos and the Burica Peninsula, mesoscale fault populations record active shortening related to the ~100-km-long Fila Costeña fold-andthrust belt. The observed patterns of faulting and permanent uplift are best explained by crustal thickening. The uplifted terraces provide a fi rst-order estimate of permanent strain along the forearc in Costa Rica. The permanent strain recorded by uplift of these Quaternary surfaces exceeds the predicted rebound of stored elastic strain released during subduction-zone earthquakes.
INTRODUCTION
Convergent margins can experience either accretion or subduction erosion, and rates depend upon such factors as volume of sediment input, subduction angle, basal friction, and seafl oor roughness (see, e.g., Shreve, 1988a, 1988b; von Huene and Lallemand, 1990; Stern, 1991; von Huene and Scholl, 1991; Lallemand et al., 1992 Lallemand et al., , 1994 Bangs and Cande, 1997; Ranero and von Huene, 2000; Clift and Vannucchi, 2004; von Huene et al., 2004) . Convergent margins dominated by subduction erosion, such as those along Peru, Costa Rica, Guatemala, northern Chile, Japan, New Britain, and Tonga, are the most prevalent type of margin and are commonly characterized by rapid convergence and limited sediment input (von Huene and Scholl, 1991; Clift and Vannucchi, 2004) . The subduction of seamounts and ridges at the Nankai (Bangs et al., 2006) , northern Chile (von Huene and , Peruvian (von Huene and Lallemand, 1990) , Solomon Islands (Mann et al., 1998; Taylor et al., 2005) , Middle American (from Guatemala to Costa Rica) (Gardner et al., 1992 (Gardner et al., , 2001 Fisher et al., 1998; Bilek et al., 2003; Vannucchi et al., 2004) , and Tonga (Ballance et al., 1989; Scholz and Small, 1997) trenches results in tectonic deformation of the forearc and infl uences interplate coupling. The Cocos plate subducts beneath both the Caribbean plate and Panama microplate at the Middle American Trench off the western coast of Costa Rica. The forearc response to subduction of rough lithosphere varies as a function of distance from the trench. The distribution of faulting and uplift in the subaerial portion of the Costa Rican forearc mimics the distribution of bathymetric features on the subducting Cocos plate outboard of the Middle American Trench (e.g., Gardner et al., 1992 Gardner et al., , 2001 Fisher et al., 1998; Marshall et al., 2000; Sak et al., 2004a) .
The Costa Rican segment of the Middle American Trench is a suitable location for investigating the relationship between the ongoing subduction of bathymetric features and upperplate deformation because of the diversity in the surface morphology of the downgoing plate. The morphology of the Cocos plate offshore of Costa Rica changes abruptly from a few isolated seamounts and narrow ridges mantled by a ≤500-m-thick cover of sediment offshore of the Nicoya Peninsula to a rough surface where ~40% of the ocean fl oor is covered by linear arrays of seamounts ranging in size from 1 to 2.5 km high and 10 to 20 km wide and plateaus between the Nicoya and Osa Peninsulas. Further to the southeast, the Osa Peninsula overrides the aseismic Cocos Ridge, an area of thickened oceanic lithosphere and elevated seafl oor Walther, 2003) that is interpreted as a trace of the Galapagos hotspot (Barckhausen et al., 2001) .
In this paper, we evaluate the relationship between forearc deformation and the morphology and geometry of the subducting plate along the Middle American Trench in Costa Rica. We present a regional compilation of mesoscale fault populations and age dates collected from previously published studies along the Costa Rican segment of the Middle American Trench (Gardner et al., 1992 (Gardner et al., , 2001 Marshall and Anderson, 1995; Fisher et al., 1998 Fisher et al., , 2004 Marshall et al., 2000; Sak et al., 2004a) in addition to new data from the Nicoya Peninsula and the central Pacifi c coast. Fault data are used to recognize regionalscale trends in forearc kinematics. Radiocarbon ages of marine terraces are evaluated using the recent IntCal04 calibration (Reimer et al., 2004) and recent sea-level curves (Fleming et al., 1998; Lambeck and Chappell, 2001 ) to constrain Quaternary surface uplift rates in a common reference frame. The spatial distribution of calculated uplift rates along and across the Costa Rican forearc are then combined with the fault kinematic data to constrain plausible mechanisms resulting in permanent uplift within the forearc.
REGIONAL SETTING
The Central American isthmus occupies a complex deformational zone that responds to the interaction of four tectonic plates (Caribbean, Cocos, Nazca, and South American) and the Panama microplate (Fig. 1A) . Deformation across the forearc in southern Central America is due to the rapid subduction of the Cocos plate beneath the Caribbean plate and Panama block (Corrigan et al., 1990; Gardner et al., 1992; Kolarsky et al., 1995; Marshall et al., 2000; Fisher et al., 1998 Fisher et al., , 2004 . Along strike of the Middle American Trench, the character (i.e., dip, roughness, crustal age, and thickness) of the subducting Cocos crust changes (Figs. 1A and 1C) (Protti et al., 1995a; von Huene et al., 2000; Barckhausen et al. 2001; Walther, 2003) . Across the Costa Rican segment of the Middle American Trench, the relative convergence rate increases southward from ~8.5 cm yr -1 across the Nicoya segment to 9.1 cm yr -1 across the Osa segment (Dixon, 1993; DeMets, 2001) . South of Quepos (Figs. 1C and 2), up to 4 cm yr -1 of Cocos-Caribbean convergence is accommodated permanently within the Fila Costeña fold-andthrust belt (Sitchler et al., 2007) . Cocos-Caribbean convergence becomes oblique (10°-15°) at the southern end of the Nicoya Peninsula, resulting in ~8 mm yr -1 of northwest-directed forearc sliver transport (McCaffrey, 2002; Norabuena et al., 2004) .
Across the Costa Rican segment of the Middle American Trench, from the Nicoya Peninsula in the northwest to the Osa Peninsula in the southeast (Fig. 1C) , a distance of ~300 km, the forearc response to ongoing subduction varies as a function of the lateral changes in dip of the subducting slab, age, and thickness of the crust entering the trench, seafl oor roughness, and distance from the trench (e.g., Corrigan et al., 1990; Gardner et al., 1992 Gardner et al., , 2001 Fisher et al., 1998; Walther, 2003) . High-resolution bathymetric mapping of the subducting Cocos plate offshore of Costa Rica reveals a rough surface morphology characterized by ridges, plateaus, and seamounts (Fig. 1C) . Surface morphology of the lower slope arcward of the Middle American Trench refl ects the roughness of the incoming Cocos plate outboard of the trench. Recovered drill cores (Kimura et al., 1997; Vannucchi et al., 2001 Vannucchi et al., , 2003 , seismic-refl ection profi les (i.e., Hinz et al., 1996) , and bathymetric mapping (von Huene et al., 1995 all indicate subsidence by subduction erosion. Damage to the portions of submarine forearc facing subducting bathymetric highs is interpreted as the morphologic signature of subduction erosion .
Where bathymetric highs enter the trench, the trench axis is defl ected arcward (Fig. 1C) . Offshore of the southern half of the Nicoya Peninsula (between Punta Guiones and Cabo Blanco), an ~75-km-wide swath of relatively smooth crust is bound at either side by elongate northeast-trending ridges rising >700 m above the adjacent seafl oor . The fossil trace of the Cocos-Nazca-Panama triple junction is marked by a ridge that intersects the Middle American Trench offshore of Punta Guiones (TJ in Fig. 1C ). This narrow (~2 km wide), discontinuous, asymmetric ridge has an abrupt southeast fl ank that rises ~700 m above relatively smooth oceanic crust to the southeast and a gently sloping northwest fl ank Barckhausen et al., 2001 ). This ridge is coincident with the boundary separating crust produced at the East Pacifi c Rise to the northwest from crust produced at the CocosNazca spreading center to the southeast, and it is interpreted as the fossil trace of the initial opening of the Cocos-Nazca spreading center (Fig. 1A) Barckhausen et al., 2001) . To the north of this ridge, seafl oor magnetic spreading anomalies trend 120°, subparallel to the Middle American Trench, whereas south of the ridge, the seafl oor magnetic spreading anomalies are oriented 030° (Barckhausen et al., 2001) . Northwest of the fossil trace of the Cocos-Nazca-Panama triple junction trace (TJ), the crust is ~24 m.y. old at the Middle American Trench (Fig. 1A) (Barckhausen et al., 2001) . From the ridge, crustal age decreases to the southeast from ~23 Ma to 21.5 Ma across an ~75-km-wide swath of smooth crust to the Fisher Seamount and Ridge (Barckhausen et al., 2001) . The conical Fisher Seamount rises ~1.6 km above the subjacent ca. 20 Ma CocosNazca spreading center-derived crust and has a basal diameter of ~16 km (Werner et al., 1999; Barckhausen et al., 2001) . Southwest (outboard) of the Fisher Seamount, is the narrow (~5-7 km wide) northeast-trending, continuous Fisher Ridge, which rises ~1 km above the adjacent ocean fl oor (Fig. 1C) .
The bathymetric roughness of the Cocos plate changes southeast of the Fisher Seamount and Ridge from elongate ridges to the broad Quepos Plateau (QP, Fig. 1C ), which is elongate and oblique to the Cocos-Caribbean convergence vector and to linear arrays of conical seamounts oriented at low angles to the relative convergence vector. Because the chains of subducting features are oriented at a low angle to the relative Cocos-Caribbean convergence vector, the effects of ongoing rough crust subduction are limited to narrow regions along the margin (Fisher et al., 1998) . Seamounts have broad bases (~15-20 km) and rise >1.5 km above the adjacent ocean bottom (von Huene et al., 1995 . The seamounts, composed of 13-14.5 Ma basalts, are younger than the 15-20 Ma subjacent oceanic crust (Werner et al., 1999; Barckhausen et al., 2001) . Wideangle seismic-refraction investigations indicate that the depth to the Moho increases from ~11 km across to the Quepos Plateau to 21 km beneath the Cocos Ridge (Walther, 2003) .
The underthrusting of irregular oceanic lithosphere has a strong impact on the morphology and structure of the submarine forearc. Highresolution bathymetric swath mapping across the plate-boundary region documents the effects of rough crust subduction on the forearc bathymetry (von Huene et al., 1995 Ranero and von Huene, 2000; Hühnerbach et al., 2005) . Where bathymetric highs enter the trench, the trench axis is defl ected arcward. For example, the underthrusting fossil trace of the triple junction offshore of Punta Guiones deforms the lower slope. Across the lower slope inboard of Figure 1C for location.
the subducting ridge, there is a narrow (<5 km wide) linear depression oriented parallel to the Cocos-Caribbean convergence vector extending ~15 km arcward from the trench (Fig. 1C) . Inboard of the arcward terminus of this confi ned zone of subsidence, the continental margin overriding the trace of the triple junction is elevated (~500 m) above the adjacent slope apron sediment. Similarly, where the arcward extension of the Fisher Seamount and Ridge intersects the trench, the trench axis is defl ected arcward. Inboard of where the Fisher Seamount and Ridge impinges upon the trench, there is a convergence vector-parallel depression that extends ~20 km arcward from the trench. Three furrows parallel the Cocos-Caribbean convergence vector inboard of the seamountdominated domain further to the southeast (von Huene et al., 1995 . The largest of these furrows, the Tarcoles Scar, is 12 km wide, and it extends ~55 km arcward of the trench (E in Fig. 1C ) (Hühnerbach et al., 2005) . Inboard of these furrows, domal features that protrude above the adjacent slope apron are interpreted to be located opposite the present location of subducting seamounts (von Huene et al., 1995 Hühnerbach et al., 2005) . Analog modeling of seamount subduction suggests that the width of the scar across the lower slope is equal to the basal diameter of the subducting seamount inboard of the scar (Dominguez et al., 1998) . No further morphologic evidence of seamount subduction is resolvable inboard of protruding conical highs at the arcward terminus of the faultbounded scar. This mass wasting-induced scar in the wake of a subducting seamount persists for ~140 k.y. until sediment accretion from the trench or slope restores the frontal prism geometry .
THE NICOYA PENINSULA
The Nicoya Peninsula is an ~100-km-long, northwest-trending, outer forearc anticlinal(?) high cored by the Mesozoic Nicoya Complex (deBoer, 1979; Kuijpers, 1980; Bourgois et al., 1984) . The cover sequence of Late Cretaceous to Eocene turbidites outcrops inboard of where the Cocos-Nazca-Panama triple junction trace intersects the Middle American Trench in the vicinity of Garza (Figs. 1C and 2A) . At the southeastern tip of the Nicoya Peninsula in the vicinity of Cabo Blanco a sequence of shallowing-upward Late Cretaceous to Miocene marine sediment (including turbidites like those in the vicinity of Garza) is exposed inboard of where the Fisher Seamount and Ridge subducts (Figs. 1C and 2B) (Lundberg, 1982; Baumgartner et al., 1984; Mora, 1985; Astorga, 1987; Winsemann, 1994) .
Along the Nicoya Peninsula, Quaternary marine terraces are observed in segments of the forearc inboard of subducting bathymetric features. Uplifted late Quaternary marine terraces exposed in the vicinity of Punta Guiones and Cabo Blanco that are inboard of the triple junction trace and Fisher Seamount and Ridge, respectively, indicate localized surface uplift rates in excess of the rate of late Quaternary sealevel rise. In the following section, we present new constraints from mesoscale fault analysis, radiocarbon dating, and correlation of marine terraces across the southern half of the Nicoya Peninsula between Punta Guiones to Cabo Blanco (Fig. 1C) . These results provide insight into forearc deformation and constrain the distribution, timing, and rates of surface uplift both inboard of subducting bathymetric highs and inboard of smooth subducting crust.
Quaternary Geology of the Nicoya Peninsula
Uplifted Holocene and late Pleistocene marine terraces exposed in the vicinity of Cabo Blanco and Punta Guiones are used to constrain uplift rates along the Nicoya Peninsula. The Garza terrace, a wave-cut Holocene platform, is exposed intermittently in pocket beaches along the coast of the Nicoya Peninsula between Playa Guiones and Playa Islita (Fig. 1C) . Locally the Garza surface is covered by a <50-cm-thick, shell debris lag overlain by a >1-m-thick, light gray, fi ne-grained sandy entisol. Near Garza (Fig. 3A) , three samples of disarticulated, thickwalled gastropod shells collected from the contact with the subjacent bedrock at 2.0-2.5 m above mean sea level (msl) yield radiocarbon ages ranging from 3.745-3.892 ka to 5.220-5.337 ka (Table 1) . To the southeast, the elevation of this platform decreases, and 15-20 km east of Garza at Playa Camaronal (Figs. 1C and 2A) , it is exposed no higher than the high tide debris line (1.2 ± 0.6 m, assuming the modern tidal range of 2.4 m). When the modern sample elevations (Z), the facies depth (F), and sea level (S) at the time of deposition (T), are known, the surface uplift rate (R) may be calculated by
The modern sample elevation, measured positive upward from mean sea level, was determined precisely (±0.5 m) using a Sokkia AIR-HB-1L handheld digital barometer. To compensate for temporal variations in barometric pressure, measurements were recorded every 15 min at a fi xed base station during all elevation surveys. Facies depth of deposits, measured positive upward from mean sea level, was determined by mapping facies into paleodepositional environments. Reconstructed depositional environments were subsequently assigned probable water depths based upon comparisons to the modern shoreface environment. For example, following the facies designations of Gardner et al. (1992) and Sak et al. (2004a) , bimodal cross-bedded coarse-grained sandstones with shell lag debris deposited on subhorizontal planation surfaces cut into the bedrock were assigned to the mean sea-level facies, and poorly sorted medium-to coarse-grained massive sands with disarticulated abraded thick-walled shells were assigned to the subwave base facies. An assumption inherent in the reported facies depths is that tidal ranges and wave climate have remained relatively constant over the sampling interval. Paleo-sea level, measured positive upward from mean sea level, was determined from published eustatic sealevel curves (Fleming et al., 1998) . Holocene uplift rates for the Garza surface range from -0.1 to 0.6 m k.y.
-1 for sample 127327 and -0.7 to 1.6 m k.y.
-1 for sample 131260 (Table 1 ; Fig. 3 ). Uplifted, laterally extensive Holocene and late Pleistocene marine terraces are exposed at the southeastern tip of Nicoya Peninsula (Fig. 3B ) (Marshall and Anderson, 1995; Gardner et al., 2001) and are confi ned to the portions of the forearc overriding the leading edge of the Fisher Seamount and Ridge (Fig. 3) . Narrow (<100 m) exposures of uplifted Holocene terraces extend ~20 km along the coast in either direction from Cabo Blanco (Figs. 2B and 3) (Marshall and Anderson, 1995; Gardner et al., 2001) . At a distance of 15-20 km along the coast, in either direction from Cabo Blanco, Holocene marine terraces decrease in elevation from ~16 m to <1 m (Gardner et al., 2001) . At Cabo Blanco, surface uplift rates locally exceed 6 m k.y.
-1 and decrease linearly as a function of distance along the coast away from Cabo Blanco (Gardner et al., 2001) (Table 1 ). More than ~20 km northeast and northwest of Cabo Blanco, uplifted Holocene marine terraces are no longer observed above mean sea level, and >50 km north of Cabo Blanco, along the northeastern coast of the Nicoya Peninsula, a submerged 2.5 ka prehistoric burial ground (Guerrero et al., 1991) records <2 m k.y.
-1 subsidence on the Gulf of Nicoya coast (Marshall, 1991) .
The Cobano surface of presumed late Pleistocene age lies landward of the Holocene terraces between the interior mountains of the Nicoya Peninsula north of the town of Cobano and the 80-m-high abandoned sea cliff around Montezuma ( Fig. 3B) (Hare and Gardner, 1985; Mora, 1985) . The 400 km 2 , northwest-dipping (2°-3°) Cobano surface is an erosional surface cut into the subjacent, gently northwest-dipping (3°-5°) Pliocene-Pleistocene Montezuma Formation (Hare and Gardner, 1985; Mora and Baumgartner, 1985; Marshall and Anderson, 1995; Gardner et al., 2001 ). This regionally extensive surface is mantled by a >3-m-thick red (2.5 YR) oxisol. The elevation of the Cobano surface decreases from a maximum of >200 m at the southern boundary to ~100 m north of the town of Cobano. The measured tilt of the Cobano surface is consistent with the calculated axis of rotation for the Holocene Cabuya surface (Gardner et al., 2001 ).
An uplifted, deeply weathered fl at-topped erosional surface cut into thinly bedded Paleogene turbidites and Nicoya Complex pillow basalts is exposed at Playa Camaronal (Figs. 1C and 2A) . This locally extensive surface, referred to as the Camaronal surface, is exposed at an elevation of 15-20 m. The Camaronal surface extends for ~3 km along the coast and up to 1 km inland to the interior mountains of the Nicoya Peninsula. The Camaronal surface is mantled by a >3-m-thick red (2.5 YR) oxisol that is similar to soils developed on the Cobano surface ~60 km to the southeast. As in the case of the Cobano surface, a low-lying, less-weathered marine terrace is exposed below the highly weathered Camaronal surface. The lower surface, exposed at an elevation of 1.5 m, is correlative with the dated (ca. 4 ka) Garza surface. We postulate that the extensively weathered, pedogenically similar Camaronal and Cobano surfaces represent remnants of a regionally extensive erosional surface cut during marine oxygen isotope stage 5e (ca. 120 ka). If the Camaronal and Cobano surfaces are isolated remnants of a regionally extensive surface, this would suggest a dramatic increase in uplift rate over the late Quaternary in the vicinity of Playa Camaronal from 0.1 m k.y.
-1 to 0.4 m k.y.
-1 (Figs. 1C and 2A) . Across the southern half of the Nicoya Peninsula, late Quaternary uplift rates vary along strike of the Middle American Trench and as a function of distance from the trench. Uplift rates are greatest in the portions of the forearc opposite where the trace of the Cocos-Nazca-Panama triple junction enters the Middle American Trench (offshore of Garza) and where the Fisher Seamount and Ridge impinges on the trench at Cabo Blanco (Fig. 3 ). Both the Holocene marine terraces and the late Pleistocene Cobano surface, exposed in the vicinity of Cabo Blanco, demonstrate that the magnitude of late Quaternary uplift decreased as a function of distance inboard of the Middle American Trench (Marshall and Anderson, 1995; Gardner et al., 2001) .
Fault Kinematics of the Nicoya Peninsula
Mesozoic and Tertiary sediment are dissected by numerous steeply dipping faults that have trace lengths of kilometers to tens of kilometers and two dominant orientations that defi ne a kinematic framework: (1) northwest-striking (parallel to faults seismically imaged offshore within the slope apron; McIntosh et al., 1993;  shaded box in 
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## Uplift rate was determined assuming the complex history of localized subsidence and uplift (Sak et al., 2004a ).
***Accelerator Mass Spectrometry age.
determined for most regional-scale faults in the fi eld using offset marker beds in combination with fault striae. The regional kinematic framework as determined from the faults is supplemented here by detailed analysis of mesoscale fault populations. Mesoscale fault populations are outcrop-scale features (tens to hundreds of meters in length) that displace measurable fault surfaces containing kinematic indicators (e.g., slickenlines). We use kinematic analysis (e.g., Marrett and Allmendinger, 1990) to interpret dense fault arrays in terms of the strain patterns recorded at the margin and interior of faulted regions. This kinematic method determines the principal shortening and extension axes (P and T axes, respectively) for a given population based on slip data from individual faults. The sense of slip was determined using the criteria of Petit (1987) . Kinematic axes for individual mesoscale fault populations measured on the Nicoya Peninsula are plotted as P and T axes from best-fi t fault-plane solutions on equal-area stereonets ( Mesoscale fault populations were measured at 13 exposures of Mesozoic and Tertiary marine sediment on the Nicoya Peninsula. Most of these populations are characterized by shallow T axes and steeply inclined P axes, suggesting a component of extension ( Table 2 ). The observed pattern of steeply dipping, northeast-striking faults is similar to the geometry of regional-scale faults (Fig. 3A) . Populations characterized by steeply dipping, northwest-striking nodal planes and steep P and shallow T axes are consistent with active downslope extension along northwest-striking normal faults observed in seismic-refl ection profi les across the upper slope offshore of Punta Guiones (McIntosh et al., 1993) , suggesting that such mesoscale fault populations (Table 2 ; Fig. 2A, insets c, d , and i; Fig. 4 ) formed under the same kinematic conditions. Some of the faults imaged across the upper slope displace the ocean bottom, indicating recent displacement (McIntosh et al., 1993) . There is a set of faults exposed in the sea cliff at Punta Indio that has the same orientation and kinematics as those imaged offshore by McIntosh et al. (1993) . The overall kinematics are further complicated by additional faults in these uplifted Paleogene strata.
Four of the ten sites (Table 2 ; Fig. 2A , insets b, e, g, and j; Fig. 4 ) measured between Punta Guiones and Puerto Carrillo indicate strike-slip offset across steeply dipping fault planes. Sites b and e ( Fig. 2A) record dextral motion along northeaststriking faults, while site j records dextral motion along a west-northwest-striking fault ( Fig. 2A) . Site g is consistent with sinistral motion along a northeast-striking fault ( Fig. 2A) . Similarly, in the vicinity of Cabo Blanco, Marshall et al. (2000) measured three mesoscale fault populations in exposures of mid-to upper Tertiary limestone. Two of these populations (sites k and l) are characterized by shallowly plunging P and T axes and strike-slip motion along steeply dipping northeast-striking faults (Table 2 ; Fig. 2B , insets k and l; Fig. 4) . Steep P and shallow T axes characterize the mesoscale faults north-northeast of Cabo Blanco at site m ( Fig. 2B ; Table 2 ).
THE CENTRAL PACIFIC COAST
The ~120-km-wide set-back portion of the coastline between the Nicoya and Osa peninsulas is dissected by steeply dipping faults striking at a low angle to the Cocos-Caribbean convergence vector (Fig. 1C) . These faults separate ~20-km-wide blocks characterized by variable surface uplift rates (Fisher et al., 1998; Marshall et al., 2000) . From northwest to southeast, six fault-bounded blocks are mapped: the Esparza, Orotina, Herradura, Esterillos, Parrita, and Quepos blocks (Fig. 1C) . This region corresponds to a pronounced change in the morphology of the subducting plate from elongate ridges to linear arrays of conical seamounts oriented at low angles to the relative convergence vector.
Rapidly uplifting blocks override subducting seamounts (Fisher et al., 1998) .
Quaternary Uplift Rates Along the Central Pacifi c Coast
The record of late Quaternary deformation across the central Pacifi c coast region is well constrained by alluvial and marine terraces. Northeast-trending faults along the central Pacifi c coast offset Quaternary alluvial terraces and a pyroclastic fl ow yielding a 352 ± 40 ka Ar/Ar age (Marshall et al., 2003) . Rapid surficial weathering along the Pacifi c coast of Costa Rica facilitates differentiation of the late Quaternary alluvial deposits on the basis of pedogenic characteristics (e.g., Wells et al., 1988; Drake, 1989; Bullard, 1995; Marshall, 2000; Sak et al., 2004b) . Surface soil properties range from reddish brown (2.5YR-10R), ≥540-cmthick B horizons (Marshall, 2000) , with average weathering rind thicknesses of 6.9 ± 0.6 cm for basaltic andesite clasts from Quaternary terrace (Qt) 1, to brown (10YR), 200-cm-thick B horizons, with average weathering rind thicknesses of 0.9 ± 0.1 cm for basaltic andesite clasts from Qt 3 (Sak et al., 2004b) . Terrace ages were estimated using a physiochemical model for weathering rind formation that is constrained by radiocarbon ages (Fisher et al., 1998) and Ar/Ar ages for pyroclastic fl ows (Marshall et al., 2003) . This model yields ages of ca. 240 ka, ca. 120 ka, and ca. 37 ka, respectively for Qt 1, 2, and 3 (Sak et al., 2004b) .
Dated alluvial terraces of known elevation were used to calculate average incision rates. Large rivers eroding through weak rocks near the coast are assumed to have suffi cient stream power to keep pace with uplift. As such, the shape of the river longitudinal profi le is a proxy for the longitudinal profi le at the time of terrace deposition, and it was used to calculate average surface uplift rates for fault-bounded blocks. From northwest to southeast across the six fault-bounded blocks with alluvial terraces, uplift rates are variable: 0.7 m k.y.
-1 for the past ~240 k.y. on the Esparza block (Marshall, 2000) , 0.4 m k.y.
-1 for the past ~240 k.y. on the Orotina block (Marshall, 2000) , 1.2 m k.y.
-1 for the past ~120 k.y. on the Esterillos block (Sak, 2002) , 0.14 m k.y.
-1 for the past ~120 k.y. on the Parrita block (Sak, 2002) , 0.19 m k.y.
-1 for the past ~120 k.y. on the Quepos block (Murphy, 2002) , 0.11 m k.y.
-1 for the past ~120 k.y. on the Rio Savegre (Murphy, 2002) , and ~1.1 m k.y.
-1 for the past ~120 k.y. on the Rio Terraba (Murphy, 2002) .
Holocene marine terraces in coastal exposures across the seamount-dominated segment of the Middle American Trench provide constraints on late Holocene surface uplift. For example, to the west of the village of Esterillos Oeste (Fig. 5) , there is an ~6-km-long, dissected, late Holocene wave-cut marine terrace, the Esterillos surface. The Esterillos surface, which truncates folded Miocene beds, is confi ned to elevations of <3 m. Overlying a thin (<50 cm) horizon of shell debris (thick-wall gastropod shells and coral debris), there is a light-gray, fi ne-grained sandy entisol. Radiocarbon dating of shell samples yielded ages ranging from 0.956-1.034 to 1.568-1.674 ka ( Table 1 ). The calculated late Holocene surface uplift rate ranges from 0.1-1.8 to 1.8-4.4 m k.y.
-1 (Table 1 ; Fig. 3 ). To the northwest on the Esparza block, a ca. 3 ka wood sample collected from beneath a colluvial wedge on an uplifted marine platform at the base of Punta Carballo (Fig. 1C) yielded a Holocene uplift rate of 1.2-2.0 m k.y.
-1 (Table 1 ; Fig. 3 ) (Fisher et al., 1998) . To the southeast, in the vicinity of the mouth of the Rio Terreba, ca. 6.4 ka wood collected from beneath a beach ridge yielded a Holocene uplift rate of 0.7-1.3 m k.y.
-1 (Table 1 ; Fig. 3 ) (Fisher et al., 2004) .
Fault Kinematics Along the Central Pacifi c Coast
Along the central Pacifi c coast, the subaerially exposed forearc is dissected by steeply dipping northeast-striking faults. These faults bound blocks characterized by differential rates of surface uplift (Fisher et al., 1998) . Inboard of the ~10-km-wide Tarcoles Scar (E in Fig. 1C ) on the slope apron, an ~60-km-wide, broadly uplifted region is observed, extending from the Orotina block east across the Herradura and Esterillos blocks (Figs. 1C and 4) . Here, strain localization results in segmentation of the overriding plate into ~20-km-wide fault-bounded blocks that accommodate differential rates of surface uplift. Mesoscale fault populations measured near block boundaries and within block interiors are characterized by shallow P and T axes (Table 2 ; Fig. 4 ). Intrablock faults are concentrated near block boundaries and typically display less apparent displacement (~<10 m) than the blockbounding faults (>100 m). The presence of a steep gradient between localized zones of high strain separated by relatively little brittle deformation, as is observed between the Herradura and Parrita blocks (Fig. 5) , may be attributed to strain localization. Both observed regionalscale fault patterns and kinematic analysis of mesoscale fault populations along the margins of the fault-bounded blocks are consistent with transtension along steeply dipping northeaststriking faults (Figs. 4 and 5) . Along the southern tip of the Nicoya Peninsula, Marshall et al. (2000) recognized transtension (Table 2 including the 2004 M w 6.4 Damas (Pacheco et al., 2006) and the 1924 M s = 7.0 San Casimiro (Montero, 1999) (Fig. 4) events, suggest ongoing transtensional deformation across the forearc inboard of subducting seamounts. In contrast, southeast of the Quepos block, the subaerially exposed forearc is dissected by northwest striking, margin-parallel, seawardverging, shallowly dipping thrust faults. These faults accommodate ≥17 km of shortening across the active Fila Costeña fold-and-thrust belt (Fisher et al., 2004; Sitchler et al., 2007) . Mesoscale fault populations measured across the Fila Costeña are characterized by shallow P and steep T axes (Table 2 ; Fig. 4 ). Observed map patterns and kinematic analysis of the mesoscale fault populations are consistent with top to the southwest displacement along northwest-striking thrust faults (Fisher et al., 2004) .
THE OSA PENINSULA
The Osa Peninsula is an ~60-km-long high in the outer forearc directly inboard of the axis of the aseismic Cocos Ridge. Across the northwestern and southeastern coasts of the peninsula, uplifted late Quaternary marine deposits have been dated (Gardner et al., 1992; Sak et al., 2004a) . The Quaternary deposits disconformably overlie beveled exposures of semilithifi ed Late Tertiary and Quaternary sediment of the Charco Azul and Armuelles Formations (collectively mapped as TQs) and the Paleogene Osa mélange (Sprechmann, 1984; Corrigan et al., 1990; DiMarco et al., 1995; Vannucchi et al., 2006) .
Quaternary Uplift Rates on the Osa Peninsula
Late Quaternary surface uplift rates across the northwestern coast of the Osa Peninsula are constrained by a suite of 14 shell and woody debris samples. The samples, collected from nine measured stratigraphic sections of late Pleistocene marine sands, record a complex history of subsidence followed by rapid (locally > 6 m k.y.
-1 ) uplift, which has been attributed to the passage of relief along the axis of the underthrusting Cocos Ridge (Sak et al., 2004a) (Table 1; Fig. 3) . Gardner et al. (1992) used 15 dated samples of shells and woody debris collected across the southeastern coast of the Osa Peninsula to quantify late Quaternary surface uplift rates and demonstrate that surface uplift rates over the past 50 k.y. decrease to the northeast, away from the trench. In Table 1 , we used the eustatic sea-level curve of Lambeck and Chappell (2001) to recalculate the uplift rates for deposits predating the Last Glacial Maximum studied by Gardner et al. (1992) (Fig. 3) . The deposits younger than 10 ka used by Gardner et al. (1992) to constrain uplift rates were reevaluated using the Fleming et al. (1998) sea-level curve (Table 1) . The revised uplift rates preserve the originally observed pattern (Gardner et al., 1992) of decreasing uplift rate as a function of distance away from the Middle American Trench, as would be expected based on increases in depth to the plate interface or with the passage of relief through the subjacent plate interface (Sak et al., 2004a) .
Fault Kinematics Along the Osa Peninsula
Across the northwest coast of the Osa Peninsula, exposures of the late Pleistocene Marenco formation are dissected by northwest-striking planar faults, with separations locally in excess of 40 m; no penetrative mesoscale faults are recognized within the Marenco formation, suggesting that strain across the Osa Peninsula is accommodated along the widely (kilometer scale) spaced, northwest-striking faults. Sak et al. (2004a) interpreted these subvertical faults as the surface expression of up-shear required to accommodate the arrival of rough crust along the axis of the subducting Cocos Ridge. Along the northeast coast of the Osa Peninsula, uplift rates decrease linearly to the northwest (Gardner et al., 1992) . Superimposed on this trend of decreasing uplift rate, there is a series of poorly exposed northwest-striking subvertical faults that result in northeast-side-up separation (Gardner et al., 1992) . The recognition of northwest-striking subvertical faults along both the northwest and northeast coasts of the Osa Peninsula may refl ect the deformation caused by relief along the crest of the underthrusting Cocos Ridge (Sak et al., 2004a) .
DISCUSSION
Late Quaternary uplift rates vary both along and across the forearc of the Middle American Trench in Costa Rica (Figs. 3 and 6) . Uplift rates are greatest across the outer coasts of the Nicoya (≤6.8 m k.y. ) and Osa (6.5 m k.y. (Figs. 3, 6A , and 6B). The pattern of along-strike variations in uplift rate matches the distribution of bathymetric highs across the subducting plate (Figs. 3 and 6C ). For example, terraces along the Nicoya coast show the greatest uplift rates by Punta Guiones and Cabo Blanco, inboard of the subducting bathymetric features related to the CocosNazca-Panama triple junction trace and the Fisher Seamount and Ridge, respectively. There is a sag in the elevation of uplifted marine terraces that lies directly inboard of the sag in the bathymetry between the fossil triple junction trace and the Fisher Seamount and Ridge on the subducting plate (Fig. 6D) . The leading edges of the two outer forearc peninsulas are characterized by late Quaternary uplift rates locally ≥6 m k.y. . Low-lying, Holocene marine terraces exposed along the northeast-trending coastline of the southern tip of Nicoya indicate that long-term uplift rates diminish away from Cabo Blanco to both the northeast (away from the trench; Fig. 6E ) and the northwest (away from the Fisher Seamount and Ridge; Marshall and Anderson, 1995; Gardner et al., 2001) . Late Pleistocene marine terraces exposed along the northeast-trending coastline of the southern tip of the Osa Peninsula record a similar pattern of diminishing long-term uplift rates away from the trench (Gardner et al., 1992) (Fig. 6F) .
The crustal thickening in the subaerial portion of the forearc is in direct contrast to the net crustal thinning imaged (McIntosh et al., 1993; von Huene et al., 2000) and modeled (Dominguez et al., 1998) in the outer forearc. There are three mechanisms for thickening of the subaerially exposed portions of the forearc: underplating (accretion of subducted seamounts and/or sediment from the outer slope; i.e., Fisher et al., 1998; Bangs et al., 2006) (Figs. 7  and 8 ), shortening along out-of-sequence thrust faults (active faults that lie arcward of the axis of the Middle American Trench; i.e., Fisher et al., 1998 Fisher et al., , 2004 (Figs. 8A and 8B ), or transmission of shortening across the rigid forearc to the back arc (Mann et al., 1998) (Fig. 7A) . Although the difference between submarine subsidence and uplift within the subaerially exposed portions of the forearc might be explained by any of these mechanisms, or a combination of processes, the distribution of uplift and forearc kinematics sheds insight into the dominant mechanism. Where underplating is the dominant means of crustal thickening, no shortening within the inner forearc is required to explain crustal thickening and forearc mountain building. The uplift of the inner forearc by underplating could cause seaward tilting of slope deposits and thinning of the slope apron toward the inner forearc. In contrast, the development of out-of-sequence thrust faults results in shortening across the inner forearc and/ or a fault truncation of the arcward margin of the slope apron. Under these circumstances, the greatest subsidence in the outer forearc occurs in the footwall of the reverse fault that truncates the slope apron, and slope sediment could thicken landward. Alternatively, where offshore stresses associated with rough crust subduction are transmitted across a rigid forearc to the back arc, internal shortening (within the forearc) may be accommodated by the development of largescale folding (Fig. 7) . Following Marshall et al. (2000) , who defi ned the Central Costa Rica deformed belt on the basis of changes in fault kinematics from sinistral transtension across steeply dipping northeast-striking faults in the forearc domain to a system of conjugate northwest-and northeast-striking transcurrent faults across the Central Costa Rica deformed belt, we propose that this boundary represents the arcward extent of deformation related to collisions in the forearc (Fig. 7B) . The observation in seismic-refl ection profi les that upper slope sediment thickens landward (McIntosh et al., 1993; Hinz et al., 1996) is consistent with either truncation along an out-of-sequence thrust fault near shore that separates the uplifting inner forearc from the subsiding outer forearc or an increase in sediment thickness closer to an onland source area. Seismic lines of the last two decades do not cross the shallow offshore region where such a fault could be imaged.
The passage of bathymetric features results in narrow scarp-bounded corridors of subsidence across the submarine slope and sustained broader uplift and segmentation across the inner forearc. The structural history and the late Pleistocene landscape evolution observed inboard of subducting rough crust are consistent with the model shown in Figure 9 . Circa 1 Ma, in the absence of subducting seamounts, the submarine margin was laterally continuous (Fig. 9A) . With the onset of rough crust subduction, the margin became embayed, and arcward retreat of the trench began (Fig. 9B) . Inboard of the leading edge of the Cocos Ridge, some of the convergence was transferred from the Middle American Trench to the Fila Costeña fold-andthrust belt (Fig. 9B) . Continued subduction of rough crust resulted in further arcward retreat of the Middle American Trench and scalloping of the submarine portions of the forearc in the wake of subducting seamounts (Fig. 9C) . Inboard of where the Cocos Ridge intersects the Middle American Trench, shortening continued within the Fila Costeña fold-and-thrust belt with the development of additional thrust faults imbricating Paleogene and older strata (Fig. 9C) . Ongoing subsidence and erosion of the forearc inboard of subducting seamounts contrasts with broader regions of uplift within the inner forearc. Across the central Pacifi c coast region, marginperpendicular faults accommodated differential rates of uplift. Areas with the greatest rates of surface uplift expose Paleogene and older rocks and are inboard of localized zones of subsidence imaged across the submarine portions of the forearc (Fig. 9D) . Opposite the Cocos Ridge, continued shortening in the Fila Costeña foldand-thrust belt resulted in development of successive active frontal thrust faults seaward of the previous frontal thrust (Fig. 9D) .
Mesoscale fault populations suggest that the forearc can be subdivided into three kinematic domains that correlate to the geometry and morphology of the subducting plate (Fig. 4) , as well as distance from the trench. Along the Nicoya Peninsula, where the crust currently entering the Middle American Trench is relatively smooth and the Benioff zone defi nes a steeply dipping slab, mesoscale fault populations are consistent with margin-perpendicular extension and steeply dipping faults at high angles to the margin that allow differential displacement along the margin, while many of the other mesoscale fault populations measured in the vicinity of Punta Guiones (Figs. 2A and 4) are consistent with the normal faults imaged by McIntosh et al. (1993) across the upper slope, offshore of Punta Guiones. Some of these faults, which have been attributed to downslope creep of poorly consolidated sediment overlying the older prism, displace the ocean fl oor, indicating that the deformation is ongoing (McIntosh et al., 1993) . Across the Osa Peninsula, like the central Nicoya Peninsula, steeply dipping, northweststriking faults dissect late Pleistocene marine sediment. The northwest-striking subvertical faults on the Osa Peninsula are interpreted to accommodate leading-edge-up shear necessary to accommodate irregular bathymetry along the axis of the indenting Cocos Ridge (Sak et al., 2004a) . Elsewhere along the margin, steeply dipping, northwest-striking faults imaged across the submarine forearc have been attributed to collapse of the surface in the wake of subducting seamounts as a result of basal erosion (i.e., Hinz et al., 1996; Dominguez et al., 1998; Ranero and von Huene, 2000; Hühnerbach et al., 2005) . Similarly, along the northern Puerto Rico-Virgin Islands margin, rough crust subduction has resulted in forearc collapse in the wake of subducting ridges, attributed to basal erosion (Grindlay et al., 2005) .
Along the central Pacifi c coast, northeaststriking steeply dipping nodal planes accommodate differential uplift associated with ongoing seamount subduction (Fig. 4) . Further to the southeast, in the inner forearc and inboard of where the aseismic Cocos Ridge is underthrust, mesoscale faults generally record top-to-thesouthwest slip, and mesoscale fault populations are characterized by northwest-striking nodal planes and gently inclined P and steeply inclined T axes (Table 2 ; Fig. 4 ). Both mapped regionalscale and mesoscale fault populations across the Fila Costeña fold-and-thrust belt are consistent with a minimum of 17 km of shortening in the last 2-5 m.y. (Fisher et al., 2004) (Fig. 4) and a minimum of 36 km of post-middle Pliocene shortening inboard of where the axis of the Cocos Ridge intersects the Middle American Trench (Sitchler et al., 2007) . Surface uplift has been observed inboard of many erosive margins, including at the Nankai (Bangs et al., 2006) , northern Chilean (von Huene and , Peruvian (i.e., von Huene and Lallemand, 1990; Bourgois et al., 2007) , Solomon Islands (Mann et al., 1998; Taylor et al., 2005) , Tongan (Ballance et al., 1989; Scholz and Small, 1997) , and Middle American (from Guatemala to Costa Rica) (Gardner et al., 1992 (Gardner et al., , 2001 Fisher et al., 1998; Bilek et al., 2003; Vannucchi et al., 2004) trenches. Along the seamount-dominated segment, inner forearc uplift is greatest inboard of the extensive Tarcoles and Jaco scarps (Fig. 1C) . In contrast, there is a laterally extensive thrust belt inboard of the Cocos Ridge.
The subaerial portion of the forearc is composed predominately of Mesozoic Caribbean oceanic plateau basement, which has greater strength than the sediment and thinner basement closer to the trench (Sinton et al., 1998; Christeson et al., 1999) . This competent basement may act as a backstop, shearing subducting seamounts off of the older subjacent oceanic lithosphere (Werner et al., 1999) . Accumulations of pelagic sediment deposited on juvenile oceanic crust prior to off-axis seamount genesis (i.e., Watts and Tenbrink, 1989; Scheirer et al., 1996) may act as detachment surfaces. In this scenario, the décollement steps down, transferring mass of the subducting seamount and eroded lower-slope sediment entrained arcward of detached seamount from the downgoing to the overriding plate. Thus, this mechanism of tectonic smoothing would result in a thickened upper plate. Due to the greater fl exural rigidity, on the order of 10 20 N m 2 (Gardner et al., 1992) , uplift of the subaerial portions of the forearc is distributed across a wider area than the base of the subducting seamount. For example, the extensive (~400 km 2 ) uplifted Cobano surface, which coincides with a relatively free-slipping (<15% locking) portion of the plate interface (Norabuena et al., 2004) , is in the vicinity of the 1990 M w = 7.0 Gulf of Nicoya earthquake (Protti et al., 1995b) . The complex nature of the rupture during the 1990 event (two subevents between 18 and 24 km depth) and the aftershock pattern led Protti et al. (1995b) to suggest that the initial rupture area was ≤600 km 2 . The location of the hypocenter in the vicinity of the Fisher Seamount and Ridge and the potential presence of a subducted seamount in high-resolution seismic tomography suggest that this event may have resulted from the rupture of seamount-induced asperity, as suggested by Protti et al. (1995b) and Husen et al. (2002) . Seismic tomography reveals that individual seamounts along the trend of the Fisher Seamount and Ridge have a basal footprint of ~300-400 km 2 (Husen et al., 2002) . Bilek et al. (2003) suggested that the ≤600 km 2 rupture area calculated by Protti et al. (1995b) may refl ect rupture of multiple seamounts.
One of the most striking examples of the contrast between thinning of the submarine portions of the forearc and thickening of the subaerial forearc occurs in the inner forearc along the central Pacifi c coast. Offshore of the Herradura block, the lower slope is scarred with one of the largest embayments recording the passage of a subducting seamount (Fig. 1C) (von Huene et al., 1995) . In the wake of the subducting seamount, there is an ~10-km-wide, northeasttrending, scarp-bounded zone of subsidence extending ~50 km arcward from the trench to a cuspate headwall that is inferred to refl ect frontal erosion . Inboard of this localized region of intense subduction erosion is Cerro Turrubares, the highest point within the Costa Rican forearc (Fig. 1C) . Cerro Turrubares is within an ~60-km-wide, broadly uplifted region that extends from the Orotina block east across the Herradura and Esterillos blocks (Fig. 1C) . The Tertiary cover is mostly eroded off of the Herradura block, suggesting the block has experienced extensive subaerial exhumation (Fisher et al., 1998) .
Across the Herradura block, the rates of long-term uplift are diffi cult to resolve because very few planation surfaces are cut across the ubiquitous exposures of the competent pillow basalt. However, both the neighboring Orotina block to the northwest and the Esterillos block to the southeast expose Miocene strata. Along the eastern edge of the Orotina block, the Tertiary Punta Carballo Formation dips steeply (>50°) westward, away from the Herradura block (Marshall, 2000) . To the northwest, away from the Herradura block boundary, the dip of the Punta Carballo decreases to ~10°-15° to the west (Marshall, 2000) . Similarly, on the Esterillos block, the Punta Judas Formation dips steeply (~50°) eastward, away from the Herradura high in the immediate vicinity of the block boundary, and decreases to ~10°-15° to the east across the Esterillos block. The steeply dipping mid-Miocene sediment observed along both the margins of the Orotina and Esterillos blocks and the absence of growth-strata geometries suggest that uplift of the Herradura block postdates mid-Miocene deposition. The 1.7-1.1 Ma Tivives Formation lahars are defl ected to the northwest around the Herradura high onto the Orotina Fan (Fig. 4) (Marshall, 2000; Marshall et al., 2003) . Thus, uplift of the Herradura high postdates deposition of both the Miocene Punta Carballo and Punta Judas Formations and predates emplacement of the Tivives lahars.
This post-mid-Miocene maximum age of initiation of rapid uplift of the coastal forearc is consistent with the proposed (5-6.5 Ma) onset of accelerated subsidence offshore of the central Nicoya Peninsula (Vannucchi et al., 2001 (Vannucchi et al., , 2003 and with reported (3-0.5 Ma) estimates for the onset of rough crust subduction as marked by the Cocos Ridge (Gardner et al., 1992; Collins et al., 1995; Kolarsky et al., 1995; Gräfe et al., 2002; Sitchler et al., 2007; Morell et al., 2008) . Either tectonic smoothing of the downgoing plate or transmission of stress across the rigid forearc is consistent with both the observations that uplifted portions of the subaerially exposed forearc are wider than the scarred portions of the lower slope (Fig. 1C) and that mapped fl ights of alluvial fi ll terraces inboard of the seamount domain diverge upstream (i.e., Pazzaglia et al., 1998; Marshall, 2000) . Upstream divergence of correlated alluvial terraces is consistent with increasing rates of surface uplift toward the rear of the inner forearc. However, given the dip of the subducting slab (Fig. 7A) , it is unlikely that the crustal thickening along the central Pacifi c coast region is the result of underplating. The top of the Wadati-Benioff zone is ~40 km deep beneath the Herradura block (Figs. 1C and 7A) .
Alternatively, the permanent uplift opposite subducting bathymetric highs in the absence of upper-plate shortening may be explained by the transmission of stresses associated with the rigid forearc (Fig. 7A) . High-resolution sidescan sonar surveys across the Parrita and Jaco Scarps (G and F in Fig. 1C ) reveal decreasing amounts of surface uplift and increasing fracturing and faulting with increasing distance from the Middle American Trench, attesting to the increasing rigidity of the arcward-thickening forearc (Hühnerbach et al., 2005) . At the Tarcoles Scar (E in Fig. 1C) , 55 km inboard of the Middle American Trench, no surface uplift above the subducting seamount is recognized (Hühnerbach et al., 2005) .
Along the Costa Rican forearc, all three mechanisms of crustal thickening-underplating (Cabo Blanco area, Nicoya Peninsula, and Osa Peninsula), transmission of stress across the rigid forearc (central Pacifi c coast region), and out-of-sequence thrusting (Fila Costeña)-may occur predominately in the outer forearc (Fig. 10) . Along the outer forearc, four mechanisms of crustal thinning-collapse in the wake of subducting bathymetric features, collapse in the wake of subducting seamounts, arc-parallel extension accommodating subduction of bathymetric highs, collapse of the outer forearc as a result of forearc thickening by other mechanisms-may occur (Fig. 10) . Across the Nicoya and Osa Peninsulas where the depth of the top of Wadati-Benioff zone is shallow (<20 km) and mesoscale fault populations indicate ongoing extension, underplating may be the dominant means of crustal thickening (Figs. 8 and 10 ). Across the central Pacifi c coast region, transmission of stress resulting from subduction of bathymetric highs may account for the fi rst-order observation that the areas with the greatest relief are opposite where seamounts are presently entering the Middle American Trench. Defi nitive recognition of the mechanism driving uplift across the outer forearc and the central Pacifi c coast-whether underplating or the transmission of stresses across the rigid forearc-will require better constraints on the geometry of the arcward margin of the shelf apron. Seismic surveys in shallow, nearshore environments arcward of existing surveys (i.e., McIntosh et al., 1993; Hinz et al., 1996; von Huene et al., 2000) will be able to resolve if the basins are fault-bounded. Southeast of Quepos, regional-scale faults, and mesocscale fault kinematic data indicate shortening along an active out-of-sequence thrust within the forearc, and balanced geologic cross sections indicate >40% shortening across the Fila Costeña (Fisher et al., 2004; Sitchler et al., 2007) .
CONCLUSIONS
Our analysis of the distribution of surface uplift and fault kinematics across the Costa Rican forearc permits the following conclusions about the ongoing response of the Costa Rican forearc to rough crust subduction.
(1) Uplift rates are greatest along the outer forearc (Nicoya and Osa Peninsulas), and of lesser magnitude between the two peninsulas, across the central Pacifi c coast. Across the Nicoya and Osa Peninsulas, uplift rates are greatest (>6 m k.y.
-1 ) near the trench and decrease arcward.
(2) Both the Nicoya and Osa Peninsulas are dissected by steeply dipping, northwest-striking faults that accommodate margin-perpendicular extension. In contrast, across the seamount segment of forearc (between the Esparza and Quepos blocks; Figs. 1C, 6, and 8), the forearc is dissected by steeply dipping, northeast-striking faults that defi ne ~20-km-wide blocks characterized by differential uplift rates.
(3) Unlike the Nicoya Peninsula, where uplift rates decrease gradually away from the underthrusting ridges along the forearc, along the central Pacifi c coast, uplift rates vary abruptly across block-bounding faults.
(4) Faulting across the southwestern coast of the Nicoya Peninsula indicates a structurally complicated response of the forearc to continued subduction of bathymetric highs.
(5) The distribution of late Quaternary terraces and best-fi t P and T axes for mesoscale fault populations across the Costa Rican forearc provide insights into spatial variations in late Quaternary deformation. Permanent vertical uplift is driven by both out-of-sequence thrust faults and the transfer of stress resulting from rough crust subduction across the rigid forearc. Out-of-sequence thrusting occurs along the inner forearc southeast of Quepos in the Fila Costeña fold-and-thrust belt. Elsewhere, permanent surface uplift is consistent with the arcward transmission of stresses associated with rough crust subduction across the rigid forearc driving inner forearc uplift.
(6) Across the subaerial portions of the Costa Rican forearc, variations in the forearc response to rough crust subduction correlate to variations in the morphology of the subducting Cocos plate. 
